The largest technical challenge to full-scale post-combustion carbon capture in power plants is the enormous energy consumption for solvent regeneration. If legislative requirements impose CO 2 capture, chemical absorption/desorption using amine solvent solutions is the most mature commercial technology available. The use of ejectors to upgrade external waste heat has recently been shown to significantly reduce the amount of valuable turbine steam required to regenerate the solvent. Using the Aspen Plus chemical process simulator, this study considers three different liquid sources for producing the ejector secondary steam in a waste heat supplied flash tank. In each case the goal is to minimize the sum of the heat duty of the ejector primary steam generator and the stripping tower reboiler. A base case 20 wt% MEA absorption/desorption CO 2 capture process was modeled, with flue gas data from a 400 MW net power coal-fired electric plant. Using stripping column condensate or lean solution to create the ejector secondary steam were found to be viable options for reducing valuable turbine steam consumption, with respective reductions of 14% and 23% shown for the completed simulations. With ejectors, lower temperature waste heat can be used to partially replace valuable turbine steam normally required in the reboiler for solvent regeneration in CO 2 capture.
Introduction
The burning of fossil fuels is the principal source of human produced greenhouse gases, primarily due to CO 2 [1] . Carbon dioxide Capture and Storage (CCS) is an option to reduce CO 2 emissions from large stationary sources (> 0.1 MtCO 2 per year), of which there are 8000 such sites worldwide. Electric power generation plants represent over 75% of the total 13,466 MtCO 2 /yr produced by these large sites [2] . Of the three main CO 2 capture technologies for fossil fuel based power generation, namely post-combustion, pre-combustion and oxy-fuel, only post-combustion lends itself to retrofitting current electric power facilities [3] .
The five main CO 2 separation technologies are chemical absorption, physical absorption, adsorption, membrane separation and cryogenic separation. Chemical absorption with amines has been established for over 60 years for the removal of hydrogen sulfide and CO 2 from natural gas and hydrogen [4, 5] . Monoethanolamine (MEA) is one of the oldest amine sorbents and is widely used in 20 to 30 wt% aqueous solution. MEA is considered the reference solvent for comparison purposes. Chemical absorption is particularly appropriate for the low CO 2 concentration of 12 -15% by volume in coal fired flue gas. The major drawback to this potential post-combustion capture technology is the substantial energy consumption required to regenerate the solvent.
Unlike recent studies which focus on alternative solvents (e.g., Idem et al. [6] , Ohashi et al. [7] ) or process configuration improvements (e.g., Van Wagener and Rochelle [8] ), very little research has been done on upgrading external waste heat to reduce the amount of valuable energy needed to regenerate the solvent. Reddick et al. [9] have recently shown the advantage of using ejectors in post-combustion CO 2 capture via external waste heat upgrading, but have not accounted for heat integration, the finite amount of condensate available, or compared various methods of incorporating the ejector into the capture process using process simulation software.
The hot flue gas upstream of the absorption process varies in temperature from 100 o C to 150 o C, depending on where the measurements are taken, possibly upstream of the flue gas desulphurization (FGD) unit [10] . In the current study the authors further investigate using ejectors for waste heat upgrading with the goal of reducing the quantity of valuable energy needed for solvent regeneration. To what extent is the reduction in valuable steam required for solvent regeneration in carbon capture dependent upon how the ejector is incorporated into the absorption/desorption process?
In this study, the authors compare a reference base case with three specific strategies to produce the ejector secondary flow, all with the goal of minimizing the consumption of valuable energy: (1) part of the stripping column condensate, (2) part of the lean solvent stream, or (3) part of the rich stream. It is expected that, in each case, the different level of dissolved CO 2 entering the flash tank will have a varying effect on the behaviour of the desorption tower, thus changing the required reboiler duty by a different amount. For the purpose of making preliminary comparisons and minimizing non-convergence, an open loop simulation approach is used for each strategy, with equilibrium models for the absorber and the stripping column. With the chemical process simulator Aspen Plus, the electrolyte non-random two liquid (NRTL) model is used for the liquid phase, while the Redlich-Kwong equation of state defines the vapour phase. A typical ejector, as shown in Figure 1 , is made up of a primary fluid entrance which leads to the primary nozzle, a secondary fluid entrance, a central mixing section and a diverging diffuser at the exit. The ejector primary fluid enters the ejector at a relatively high pressure and accelerates through the primary nozzle. The secondary fluid, at a much lower pressure, enters the annular region around the primary nozzle. The high exit speed of the primary fluid from the nozzle creates a low pressure region, inducing the secondary fluid to enter the ejector and accelerate toward the central portion of the ejector where it mixes with the primary fluid. In the diffuser, the combined stream decelerates, creating an ejector outlet pressure that is greater than the secondary entrance pressure. Typically ejectors are characterized by two main parameters: the entrainment ratio, the ratio of the mass flow rate of the secondary fluid to the mass flow rate of the primary; the compression ratio, defined as the ratio of the ejector outlet static pressure to the static pressure at the secondary entrance.
Methods

Ejector concept
Problem Statement
The inset image in Figure 1 introduces the symbols that will be used section 2.4, where the strategies for ejector integration are presented. The image shows that the waste heat supplied to the flash tank creates the secondary fluid to the ejector. In this study the primary and secondary fluids are steam, although the secondary steam may contain desorbed CO 2 . There are several possible choices for the feed stream that supplies the flash tank. The primary fluid that enters the ejector will require valuable steam duty in the primary steam generator. For each supply stream choice for the flash tank that will be considered, the main objective is to minimize the sum of the valuable heat duty that must be supplied to the primary steam generator and to the reboiler. The heat duty supplied to the flash tank is not part of the valuable steam as it is supplied by available waste heat. The base case absorption/desorption process is shown in Figure 2 . In this simplified version of the traditional process the CO 2 in the flue gas rising in the absorber is transferred to the descending lean solvent solution. This liquid solution, rich in CO 2 , is pumped to the top of the stripping column. In the stripping column, the steam produced in the reboiler rises in the tower and causes the CO 2 to desorb and enter the rising gas stream. From the condenser, the CO 2 is separated, compressed, and sent to long term storage. The water condensate is returned to the stripping tower at 40 o C. The hot regenerated lean solvent from the bottom of the stripping column is pumped and cooled to 40 o C before entering the absorber to restart the process. The reboiler duty is reduced by means of the cross heat exchanger between the two columns, where the hot lean solvent leaving the stripping column preheats the cooler rich solvent leaving the absorber.
The Base Case
The flue gas specifications, shown is Table 1 , are typical values taken after the gas desulfurization unit for a pulverized coal fired plant with a 400 MW net power output [11] . The MEA solution concentration is 20 wt%, with a fixed CO 2 capture recovery rate of 85% for the process. It is assumed that the rich solvent leaving the absorber has a CO 2 loading of 0.45 kmol/kmol MEA, while the lean solvent leaving the stripping column reboiler has a loading of 0.15 kmol/kmol MEA. Makeup water is added to the top of the absorber to replace the water losses leaving the absorber and the stripping column. The characteristics of the absorber and stripper are shown in Table 2 . 
Strategies for Ejector Integration
Typical published design-point performance data is available for estimating the entrainment ratio and compression ratio of the steam ejector [12] . For the ejector modified process, the assumptions below are made to allow ejector modeling. Given that the stripping tower operates at a pressure of 1.4 bar, the second assumption below implies that the flash tank has an operating pressure of 0.7 bar.
Ejector secondary mass flow = 0.4 x ejector primary mass flow Ejector outlet pressure = 2 x ejector secondary pressure Primary steam pressure = 3 bar Waste heat temperature = 100 o C Three strategies to incorporate an ejector into the traditional process are considered. All of them produce primary steam by evaporating part of the stripping column condensate in the primary steam generator. Heat integration will also be used to reduce the valuable heat duty to the primary steam generator. The following liquid sources for producing the secondary steam in the flash tank are considered: 
Results and Discussion
In the base case the only valuable heat duty was the reboiler, being 820 MW. In each of the three alternative strategies it was found through applied sensitivity studies that the optimal feeding point of the steam was to the lowest part of the stripping column, agreeing with published findings [9] .
For Strategy 1 the ejector outlet flow rate, stream 23 in Figure 3 , was studied as a configuration parameter, achieved by varying the stripping column reflux ratio. In this case the reflux ratio was defined as the mass flow rate of the liquid returning to the column (Stream 9), divided by the total liquid mass flow rate leaving the condenser (Stream 8). Decreasing the reflux ratio directly increased the flow to the ejector primary and thus the ejector outlet. As shown in Figure 6 , as the reflux ratio was reduced the reboiler duty decreased as a result. Although the primary steam generator duty and flash tank duty increased, the valuable steam duty decreased. Recall that the valuable duty is the summation of the reboiler and primary steam generator duties.
Though the least amount of valuable duty was achieved with zero reflux, this would cause operational difficulties [4] . It was thus decided to set the reflux ratio to 0.1, having an ejector output flow rate of 0.82x10 6 kg/hr and an optimal configuration of 707 MW valuable steam duty. Thus it was found that the Strategy 1, using the stripping column condensate as the feed supply to the flash tank, gave a 13.8% valuable energy savings compared to the base case. For Strategy 2 shown in Figure 4 , four cases of the split fraction of stream 17 were considered, with stream 18 being respectively 10%, 20%, 30% and 40% of stream 17. For each of these cases the ejector outlet flow rate, stream 25 in Figure 4 , was studied as a configuration parameter. The heat duty behaviour was very similar in all cases, with Figure 7 presenting the 20% split fraction case. The results indicated that the greater the ejector outlet flow rate, the lower the valuable steam duty required. As the ejector outlet flow increased and more live steam entered the stripping column, less heat duty was needed from the reboiler to maintain the required desorption of the solvent. An increasing ejector outlet flow also implied more primary ejector flow, thus increasing the primary steam generator duty, and more secondary ejector flow, thus increasing the flash tank duty. When the ejector outlet flow rate was more than 1.27x10 6 kg/hr, the simulation did not converge due to the finite amount of condensate flow available.
As the split fraction of stream 17 in Figure 4 increased from 10% to 40% there was a noticeable increase in the flash tank duty for the same ejector outlet flow rate. Figure 8 shows that the flash tank duty is a linear function of both the ejector outlet mass flow rate and the split fraction. The increase in flash tank duty with increasing split fraction, for fixed ejector flow rate, was due to the greater heat duty necessary for the increased liquid flow leaving the flash tank as the split fraction increased. Figure 9 shows the flash tank temperature is also a function of both the split fraction and the ejector outlet flow rate. The form of these curves is related to the non-linear nature of the ternary CO 2 -H 2 O-MEA vapour equilibrium system. For large split fraction or small ejector exit flow rate, the difference in composition between the liquid entering and leaving the flash tank is small, leading to an almost linear duty versus ejector flow rate relationship. For small split fraction and large ejector exit flow rate, the liquid stream leaving the flash tank increases significantly in MEA concentration and decreases in CO 2 loading. For the low liquid flow rates associated with the 10% split fraction, the function of flash tank duty versus ejector exit flow rate is clearly non-linear. When stream 18 was set to 10% of stream 17, the flash tank temperature was 96 o C at the condition of minimum valuable heat duty and the maximal ejector outlet flow rate of 1.27x10 6 kg/hr. Given the assumption that the available waste heat was at 100 o C, we considered that the 20% split fraction was an appropriate configuration, with a flash tank temperature not exceeding 93 o C. This choice implied that the minimum temperature difference in the flash tank was fixed at 7 o C. The valuable steam duty for this scenario is 629 MW, which is a 23.3% energy savings with respect to the base case of 820 MW. Strategy 3, producing the ejector secondary steam from the rich solvent, required a very significant increase in the amount of valuable steam and thus was not a viable option. Since the rich solvent had a high CO 2 loading, CO 2 desorbed in the flash tank entered the stripping column with the ejector live steam. The CO 2 concentration of the stream leaving the ejector was close to 3%, enough to significantly decrease the partial pressure driving force in the stripping column, requiring an even greater amount of reboiler duty as the ejector outlet flow increased.
Comparing the viable ejector integration strategies 1 and 2, Strategy 2 required less valuable steam because it was able to provide a higher ejector outlet steam flow rate of 1.27x10 6 kg/hr compared to 0.82x10 6 kg/hr for Strategy 1. Live steam from the ejector is a means of replacing reboiler duty. The portion of the ejector outlet steam that came from upgrading waste heat in the flash tank replaced valuable heat that would otherwise have come from the reboiler. There is, however, an upper limit to the replacement of reboiler duty. For the simulations completed in this study the lowest amount of reboiler duty for the optimal configuration of Strategy 2 was 44MW. This lower limit was imposed by the solution convergence problem as the amount of condensate returning to the stripping column, stream 9 in Figure 4 , became very small.
Conclusions
Ejector integration in post-combustion CO 2 capture systems can help reduce the valuable energy consumption in electric power plants. A reference 20 wt% MEA absorption/desorption CO 2 capture process was modeled using typical flue gas data from a 400 MW net power coal-fired electric plant. Using stripping column condensate or lean solution to create the ejector secondary steam were viable options for reducing valuable steam consumption, with respective reductions of 14% and 23% shown for the completed simulations. The use of condensate to create the ejector secondary steam offered a less significant valuable steam reduction, given that the amount of stripping column condensate was finite and was limited to reducing the reflux ratio to roughly 10%.
Our study shows that significant valuable energy reductions are possible in post-combustion carbon capture by appropriately using ejectors for thermal vapour compression to upgrade external waste heat. Using ejectors, lower temperature waste heat can be used to partially replace valuable turbine steam normally required in the reboiler for solvent regeneration. This paper thus makes a contribution to lowering the largest technical barrier to implementing full-scale post-combustion carbon capture.
